1. Introduction {#s0005}
===============

Zika virus (ZIKV) is considered a global public health threat due to factors involving its spread and its involvement with neonatal complications. From 2015 to 2017, Zika viral transmission has been reported in over 69 countries worldwide. In February 2016, the World Health Organization declared a Public Health Emergency of International Concern in response to the growing number of global Zika infections and the increasing amount of evidence suggesting links between Zika infection and congenital/neurological complications such as Guillain-Barre Syndrome and neonatal microcephaly [@b0005], [@b0010]. Since then, there has been significant interest in developing vaccines and other therapeutic aids against the ZIKV. At this time, there are 45 vaccine candidates that were tested in non-clinical studies. Of the vaccine candidates that advanced past animal pre-clinical studies, several are in phase I human clinical trials and at least one is in phase II clinical trials [@b0010], [@b0015], [@b0020].

Zika virus (ZIKV) is a positive-sense single-stranded RNA virus that is a member of the genus *Flavivirus* [@b0025] *.* Currently, the genus *Flavivirus* consists of fifty-three documented species along with a growing number of tentative species [@b0030]. These viruses produce a single polyprotein that is processed to produce three structural proteins (C, prM, and E) and seven nonstructural proteins [@b0025]. The prM (precursor transmembrane M) protein is proteolytically cleaved during virion maturation by a host cell protease to produce the mature membrane (M) protein. On a mature virus particle, 180 copies of the envelope glycoprotein (E) and membrane (M) proteins are arranged in an icosahedral structure with 90 E dimers. This structure covers the viral surface and mediates binding and entry into host cells [@b0035], [@b0040].

The main antigenic determinant of the virus is the envelope glycoprotein (E), since it is displayed on the surface of the mature virus particle and can be targeted by a number of neutralizing antibodies [@b0045], [@b0050]. Neutralizing antibodies generated by approved vaccines for yellow fever virus, Japanese encephalitis virus, and tick-borne encephalitis virus, which are closely related to ZIKV, appear to have a correlation with viral protection [@b0055], [@b0060]. For this reason, many vaccine candidates focus on producing neutralizing antibodies targeting the ZIKV E protein [@b0020]. One example is an experimental DNA vaccine candidate currently in phase II clinical trials. This candidate encodes the ZIKV wild type precursor transmembrane M (prM) and envelope (E) protein [@b0020]. However, as of now, DNA vaccines are not licensed for human use and may have some risk of chromosomal integration via nonhomologous recombination [@b0065].

An important issue that must be circumvented is the potential danger of flavivirus vaccines to provoke antibody-dependent enhancement (ADE). ADE occurs when non-neutralizing antibodies developed in response to one viral infection or vaccination cross-react and form complexes with another virus upon infection. These complexes bind to cells with Fc-γ or complement-associated receptors and are taken up by myeloid cells. However, since the antibodies do not neutralize the virus, the severity of viral infection is enhanced [@b0070]. While antibodies directed at the Zika fusion loop of the E protein can enhance dengue virus infection, antibodies directed against E domain III (ZE3) elicit neutralizing, type-specific antibodies that do not cause ADE [@b0035], [@b0075], [@b0080], [@b0085]. However, on its own, ZE3 is poorly immunogenic necessitating strategies to improve its immunogenicity [@b0085].

Immune complexes, defined as antibodies bound to their cognate antigens, have long been known to enhance immune responses in animal models [@b0095], [@b0100]. However, simply mixing antibody and antigen often produces inconsistent results as monomeric antibody-bound antigen is unable to efficiently crosslink immune receptors [@b0090], [@b0105]. To circumvent this problem, recombinant immune complexes (RIC), which consist of an antibody fused to its cognate antigen, have also been explored as a vaccine platform due to their ability to form large antigen-antibody complexes that mimic those found during natural infection [@b0110], [@b0115], [@b0120], [@b0125], [@b0130]. This complex formation results in a number of benefits including direct activation of antigen presenting cells via crosslinked Fcγ receptors, enhancement of antigen presentation to B-cells, effective stimulation of immune responses through high avidity C1q binding, and increased T-cell activation [@b0130], [@b0135], [@b0140], [@b0145].

We have developed a universal RIC platform which provides a convenient way to produce immune complex formation without the need of finding specific antibody-antigen pairs [@b0125]. In this study, the versatility of the RIC platform is improved by optimizing the design of RIC plant expression vectors, leading to enhanced stability and expression of RICs. We show that properly assembled plant-made RICs and virus-like particles (VLP) containing ZE3 antigen are highly immunogenic in mice, producing robust anti-ZE3 antibody titers that are capable of efficiently neutralizing ZIKV in the absence of adjuvant. Furthermore, when VLPs and RICs are codelivered, a synergistic enhancement of ZE3-specific antibody titers and ZIKV neutralization is demonstrated.

2. Materials and methods {#s0010}
========================

2.1. Vector construction {#s0015}
------------------------

Details for the construction of the vectors used in this study are available in the supplemental material.

2.2. Agroinfiltration of *nicotiana benthamiana* leaves {#s0020}
-------------------------------------------------------

BeYDV plant expression vectors for each construct were introduced into *Agrobacterium tumefaciens* EHA105 via electroporation. The resulting strains were verified by restriction digestion or PCR, grown overnight at 30 °C, and used to infiltrate leaves of 5- to 6-week-old *N. benthamiana* maintained at 23--25 °C. For the RICs, a vector expressing both the ZE3-fused 6D8 heavy chain and the light chain was agroinfiltrated into *N. benthamiana* leaves. The vector was similar to that previously described in [@b0125] with the ZIKV E domain III as the antigen instead of the DENV antigen. Transgenic *N. benthamiana* plants that have been silenced for xylosyltransferase and fucosyltransferase enzymes were used since these plants produce a highly homogenous, human-like glycosylation pattern that can improve *in vivo* Fc receptor binding [@b0150]. Briefly, the bacteria were pelleted by centrifugation for 8 min at 5,000*g* and then resuspended in infiltration buffer (10 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5 and 10 mM MgSO4) to OD600 = 0.2, unless otherwise described. The resulting bacterial suspensions were injected by using a syringe without needle into leaves through a small puncture [@b0155]. Plant tissue was harvested after 5 days post-infiltration (DPI), or as stated for each experiment. For GFP samples, leaves were visualized under UV illumination using a B‐100AP lamp (UVP, Upland, CA, USA).

2.3. Protein extraction and purification {#s0025}
----------------------------------------

RIC and VLP leaf samples were homogenized in ice-cold, 1:2 w/v extraction buffer at pH 8.0 (100 mM Tris-HCl, 50 mM NaCl, 10 mM EDTA, 0.1% Triton, 50 mM sodium ascorbate, and 2 mM PMSF). The VLP purification via sucrose gradient centrifugation and the RIC purification via protein G column chromatography purification protocol was conducted as described in [@b0120]. For the N-terminal ZE3, the extraction buffer used was at pH 9.5 instead of pH 8.0. For experiments using crude leaf extracts, the leaf samples (100 mg) were extracted in 500 µl of pH 8.0 extraction buffer containing 25 mM Tris-HCl, 125 mM NaCl, 3 mM EDTA, 0.1% Triton, 50 mM sodium ascorbate, and 2 mM PMSF. For GFP samples, total protein was extracted by homogenizing leaf samples (100 mg) with 500 µl SDS sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.02% bromophenol blue). Following the extraction, acid precipitation of samples was conducted by adding 1 N phosphoric acid so that the final acid volume was 3% of the soluble leaf extract (\~pH 4.5). The acid-precipitated samples were neutralized with 2 M Tris base after five minutes incubation with the acid and centrifuged at 13,000*g* for 10 min at 4 °C. The supernatants of the acid-precipitated samples were then collected for further analysis.

2.4. SDS-PAGE and western blot {#s0030}
------------------------------

Samples from the crude or purified VLPs and RICs were mixed with SDS sample buffer (final concentration 50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.02% bromophenol blue) and 5 µl loaded and run on 4--15% polyacrylamide gels (Bio-Rad). For reducing conditions, 300 mM DTT was added, and the samples were boiled for 10 min prior to loading. Polyacrylamide gels were either transferred to a PVDF membrane or stained with Coomassie stain (Bio-Rad, Hercules, CA, USA) following the manufacturer's instructions. For GFP, gels were imaged under UV light. The fluorescent band intensity was quantified using ImageJ software, using endogenous plant protein band intensity as an internal loading control. For ZE3 detection, the protein transferred membranes were blocked with 5% dry milk in PBST (PBS with 0.05% tween-20) overnight at 4˚C, washed with PBST (3 washes, 5 min each), and probed with the specified antibodies. The C-RIC samples were detected with goat anti-human IgG (Southern Biotech, Birmingham, AL, USA) antibody that was conjugated with horseradish peroxide (HRP) (Southern Biotech, Birmingham, AL, USA). The N-RIC samples were detected by mouse anti-human IgG (Fc-only) antibody conjugated with HRP (Southern Biotech). VLP samples were detected with polyclonal rabbit anti-Zika E followed by goat anti-rabbit HRP conjugate. Bound antibody was detected with Pierce ECL western blotting substrate according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Electron microscopy {#s0035}
------------------------

Pooled samples of sucrose gradient purified HBc-ZE3 and HBche-ZE3 VLP were dialyzed in PBS pH 7.4 and incubated on 75/300 mesh grids coated with formvar. After incubation, the samples were washed twice with deionized water then negatively stained with 2% aqueous uranyl acetate. The transmission electron microscopy was performed with a Phillips CM-12 microscope. The images were acquired with a Gatan model 791 CCD camera.

2.6. Immunization of mice and sample collection {#s0040}
-----------------------------------------------

Groups (n = 6) of female BALB/C mice, 6--8 weeks old, were immunized subcutaneously with the following constructs: purified plant-expressed ZE3 N-terminal RIC (N-RIC), ZE3 C-terminal RIC (C-RIC), and HBche-ZE3 VLP. The antigens were either delivered alone or in various combinations of RICs and VLPs mixed 1:1. Most groups were given antigen mixed 1:1 with Imject Alum (Thermo Fisher Scientific, Waltham, MA, USA) prior to immunization. However, two groups, HBche-ZE3 alone and the HBche-ZE3 + C-RIC, were not given alum in order to test the effect of alum on the response elicited by the delivered vaccine antigens. For the ZE3-containing groups, the total dose of antigen was set to deliver an equivalent 4 μg of ZE3. For quantification of ZE3 for immunization, the proportion of fully assembled (i.e. ZE3-containing) antigen was determined by SDS-PAGE and western blotting (using anti-ZE3 antibodies) to detect cleavage products. ImageJ software was used to quantify the percentage of ZE3-containing antigen. The protein concentration was determined by spectroscopy and SDS-PAGE, which was then used to calculate the amount needed to deliver 4 µg of ZE3. Doses were given on days 0, 28, and 56. Serum collection was done as described [@b0160] by submandibular bleed on days 0, 28, and 56, and 86. All animals were handled in accordance to the Animal Welfare Act and Arizona State University IACUC.

2.7. Elisa {#s0045}
----------

C1q binding was measured as previously described [@b0120]. Mouse Zika E specific antibody titers were measured by ELISA. Zika soluble ectodomain E (ZsE) protein (amino acids 1--403, 6-His tagged) was produced by agroinfiltration delivery of expression vector pBYe3R2K2Mc-BAZsE6H into leaves of *N. benthamiana* and purified by metal affinity chromatography. ZsE (or crude plant extract as a negative control) was bound to 96-well high-binding polystyrene plates (Corning Inc, Corning, NY, USA). After the plates were blocked with 5% nonfat dry milk in PBST (PBS with 0.05% tween-20), the wells were washed with PBST. Mouse serum samples were pre-adsorbed to remove plant-reactive antibodies by incubating with PVDF membrane coated with crude plant extract at 37 °C for 1 h. Then, the diluted mouse sera from each bleed was added, and the plate incubated at 37 °C for 1 h. Mouse antibodies were detected by incubation with polyclonal goat anti-mouse IgG-horseradish peroxidase conjugate (Sigma-Aldrich, St. Louis, MO, USA). The plate was developed with TMB substrate (Thermo Fisher Scientific, Waltham, MA, USA) and the absorbance was read at 450 nm. Endpoint titers were taken as the reciprocal of the lowest dilution which produced an OD450 reading twice the background. Statistical analysis between the various vaccine treatment was done by non-parametric Mann-Whitney tests using GraphPad prism software.

For epitope binding, 900 ng of dengue consensus envelope domain III tagged with 6D8 epitope [@b0125] was bound to 96-well high-binding polystyrene plates (Corning Inc, Corning, NY, USA). After the plates were blocked with 5% nonfat dry milk in PBST (PBS with 0.05% tween-20) and washed with PBST, various concentrations of either ZE3-HL, ZE-HL, or 6D8 antibody were added to the plate. The plate was incubated at 37 °C for 1 h, then washed thrice with PBST and detected with goat anti human IgG (kappa only) HRP conjugate (Southern Biotech, Birmingham, AL, USA). The plate was developed with TMB substrate (Thermo Fisher Scientific, Waltham, MA, USA) and the absorbance read at 450 nm.

2.8. Plaque reduction neutralization test {#s0050}
-----------------------------------------

The PRNT assay was performed as described previously [@b0165]. Briefly, mouse sera from each group were pooled, heat inactivated, and diluted at 1:10 or 1:50 in Opti-Mem media (Invitrogen). ZIKV (PRVABC59, ATCC\# VR-1843) was diluted to 1000 plaque-forming units (PFU) per ml and mixed with an equal volume of diluted mouse sera or Opti-Mem media (Virus only control). After incubating for 1 hr at 37 °C, the virus/serum mixture was transferred to 12-well plates containing a confluent monolayer of Vero cells (ATCC \# CCL-81). The virus/serum-containing medium was removed after incubating for 1.5 hr at 37 °C, and cells were overlaid with 0.8% agarose in DMEM medium with 5% FBS (Invitrogen, CA). The plate was incubated for 72 hr at 37 °C. Vero cells were then fixed with 4% paraformaldehyde (PFA, MilliporeSigma, MA), and stained with 0.2% crystal violet to visualize ZIKV plaques. Plaques from each well were counted and percent (%) neutralization was calculated as: \[(number of ZIKV plaque per well in virus only control wells)-(number of ZIKV plaque per well of diluted serum)/(number of ZIKV plaque per well in virus only control wells) × 100\]. Neutralizing antibody titers were expressed as the reciprocal of the highest dilution of serum that neutralized ≥ 50% of ZIKV.

3. Results {#s0055}
==========

3.1. Design and expression of N-terminal RIC {#s0060}
--------------------------------------------

While myriad IgG fusions have been created [@b0170], different antibody and fusion partner linkages result in variable expression and stability. To improve the versatility of the RIC platform, antigen fusion to the N-terminus of a RIC construct (N-RIC) was evaluated. GFP was fused to either the N-terminus or C-terminus of the humanized 6D8 IgG1 heavy chain containing the 6D8 epitope tag to allow immune complex formation [@b0130]. The resulting constructs ([Fig. 1](#f0005){ref-type="fig"} A) were placed in replicating geminiviral plant expression vectors [@b0175], agroinfiltrated into *N. benthamiana* leaves, and monitored for GFP expression. GFP N-RICs produced bright green fluorescence, while GFP C-RICs produced lower levels of GFP fluorescence ([Fig. 1](#f0005){ref-type="fig"}B). As a control for immune complex formation, GFP RICs were also expressed in the absence of the light chain, which is needed for efficient epitope tag binding [@b0125], or with the epitope tag removed. With or without light chain, all N-RIC constructs clearly outperformed all C-RIC constructs indicating that the GFP N-terminal fusion is likely more stable, regardless of immune complex formation or light chain assembly ([Fig. 1](#f0005){ref-type="fig"}B). Furthermore, both N-RIC and C-RICs performed better than the construct lacking the epitope tag, suggesting immune complex formation may play a role in stabilizing the fusions ([Fig. 1](#f0005){ref-type="fig"}C). To further evaluate the expression and assembly of C-RICs and N-RICs, total protein extracted from agroinfiltrated leaf spots were analyzed by non-reducing SDS-PAGE. Both N-RICs and C-RICs produced high levels of fluorescent bands at the expected size of \~200 kDa for fully assembled GFP RIC ([Fig. 1](#f0005){ref-type="fig"}D), however the N-RIC construct produced 40% more total yield than the C-RIC construct ([Fig. 1](#f0005){ref-type="fig"}E, p \< 0.03). Without epitope tag, total expression was reduced by 66% ([Fig. 1](#f0005){ref-type="fig"}D, E). Taken together, these data indicate that N-terminal antigen fusion has strong potential to generate improved RIC constructs.Fig. 1Expression and Solubility of GFP N-RICs and C-RICs. General schematic of the design of RIC with antigen fused at the C-terminus (C-RIC) or N-terminus (N-RIC) of the 6D8 IgG heavy chain. The RIC binds to the epitope tag of other RIC molecules, forming large immune complexes. Constructs N-H and C-H lack the 6D8 light chain, while construct C-HL lacks the epitope tag. (B,C) GFP was incorporated into N-RIC, C-RIC, or the variants described above and expressed in the leaves of *N. benthamiana*. Leaves were photographed under UV light at 5 DPI and a representative image is shown. (D) Clarified protein extracts from leaf spots agroinfiltrated with GFP C-RIC, N-RIC, or C-HL were separated by SDS-PAGE and imaged to show total protein or UV fluorescent protein bands. (E) The relative GFP expression of C-RICs, N-RICs, and C-HL was analyzed by band densitometry using endogenous plant protein bands as an internal loading control. Columns represent mean ± the standard error of 3 independently infiltrated leaf samples. The fluorescence intensity of C-HL was arbitrarily defined as 1. The *p* values were measured by student's *t*-test.

3.2. Design, expression, and purification of ZE3 RIC {#s0065}
----------------------------------------------------

To further evaluate N-RIC using a model antigen, we investigated N-RIC containing ZE3. Since ZE3 does not show ADE of dengue infection while also containing several neutralizing epitopes for monoclonal antibodies, it is a promising vaccine candidate. N-RIC and C-RIC containing amino acids K301 to T406 of the ZIKV E protein were created in a similar manner to the GFP RIC constructs. The constructs were transiently expressed in transgenic plants which have been silenced for xylosyltransferase and fucosyltransferase, as a humanlike N-linked glycosylation pattern enhances *in vivo* binding of antibodies to Fc receptors [@b0150]. Acid precipitation can be used to partially purify antibodies by removing plant contaminants that could otherwise impede purification. An analysis of crude leaf extracts showed that both the ZE3 C-RICs and N-RICs are stable after an acid precipitation ([Fig. 2](#f0010){ref-type="fig"} A). Using ELISA designed to detect fully assembled IgG molecules, ZE3 N-RIC was found to produce 80 μg IgG per gram of leaf fresh weight (μg/g LFW) whereas the C-RIC produced only 34 μg/g LFW ([Fig. 2](#f0010){ref-type="fig"}B). Stained SDS-PAGE gel and western blot showed that both purified ZE3 C-RIC and ZE3 N-RIC samples displayed the expected molecular mass under nonreducing conditions (\~178 kDa) and reducing conditions (\~65.4 kDa and 25 kDa bands) ([Fig. 3](#f0015){ref-type="fig"} A). Furthermore, the RICs were highly pure, with little to no signs of degradation or contamination ([Fig. 3](#f0015){ref-type="fig"}A). To determine if ZE3 fusion near the variable domains would inhibit the ability of the construct to form immune complexes, an ELISA was performed to measure epitope binding. Since RICs would be expected to bind the epitope tag of nearby RIC molecules and thus interfere with the ELISA, an otherwise identical N-RIC construct that lacked the epitope tag was created (ZE3-HL). ZE3-HL bound the immobilized epitope tag as strongly as unfused, untagged 6D8 antibody, indicating that N-terminal ZE3 fusion does not notably inhibit epitope binding ([Fig. 3](#f0015){ref-type="fig"}B). Consistent with the formation of immune complexes, both C-RICs and N-RICs were found to bind complement receptor C1q substantially more than uncomplexed antibody ([Fig. 3](#f0015){ref-type="fig"}C).Fig. 2Expression of ZE3 N-RICs and C-RICs. (A) To test whether crude leaf extracts of the ZE3 C-RIC and N-RIC constructs were stable upon acid-precipitation, 1 N phosphoric acid was added to a final acid volume of 3% of the total soluble extract. Following a five-minute incubation, the samples were neutralized with 2 M Tris base. Samples of extract without acid-precipitation were included for comparison. The samples were mixed with non-reducing sample buffer and loaded on a 4--15% polyacrylamide gel. The Western blot was probed with HRP-labeled goat anti-human IgG (H + L). Abbreviations: Minus (-) refers to leaf extract without acid precipitation, and plus (+) refers to leaf extract after acid-precipitation. (B) Leaves were infiltrated with ZE3 C-RIC or N-RIC expression vectors and crude leaf extracts were analyzed for IgG production by ELISA at 5 DPI. Columns represent mean ± the standard deviation of 4 independently infiltrated leaf samples. The *p* value was measured by student's *t*-test.Fig. 3Purification, Epitope Binding, and C1q Binding of ZE3 RIC. (A) Following protein G affinity purification of ZE3 C-RICs and N-RICs, samples of the C-RIC and N-RIC elutions were analyzed by SDS-PAGE gel stained with Coomassie (left two panels) and by a western blot (rightmost panel) probed with anti-human IgG + HRP. Abbreviations: R, reducing and boiled conditions, and NR, non-reducing and non-boiled conditions. (B) Various concentrations of purified 6D8 antibody (HL), tagless N-terminally fused ZE3 (ZE3-HL), or tagless N-terminally fused Zika E ectodomain (ZE-HL) were added to ELISA plates coated with 10 μg/ml carrier protein with 6D8 epitope fusion. The bound constructs were detected with goat anti-human kappa HRP-labeled antibody. The OD450 values were plotted on the y-axis while the concentration of the probing antibody was plotted on the x-axis. (C) C1q binding of purified C-RIC, N-RIC, and 6D8 was measured by ELISA. Mean OD450 values from 10-fold serial dilutions starting at 10 μg/ml are shown.

3.3. Design, expression, and purification of ZE3 VLPs {#s0070}
-----------------------------------------------------

We previously found synergistic enhancement of immunogenicity when RIC are codelivered with hepatitis B core antigen (HBc) VLP [@b0120]. To generate HBc VLPs carrying ZE3 for codelivery with ZE3 N-RICs and C-RICs, the ZE3 antigen (K301 to T406) flanked by flexible linkers was inserted into the second of two tandemly-linked HBc gene copies. The insertion region was at the apex of the α-helical HBc spike. Upon dimerization of the two HBc spikes, only one HBc copy would contain the antigen, thereby potentially increasing the stability of the VLP [@b0180]. Alternatively, ZE3 was C-terminally fused to an HBc monomer. BeYDV expression vectors containing the HBc [he]{.ul}terodimer (HBc[he]{.ul}-ZE3) VLP construct or the C-terminal HBc fusion (HBc-ZE3) were agroinfiltrated into *N. benthamiana* plants. To confirm the formation of VLPs, agroinfiltrated leaf samples were harvested 5 DPI and clarified leaf extracts were analyzed by sucrose gradient centrifugation. By SDS-PAGE and ZE3-specific western blot, VLP bands around the expected size (51 kDa) were found predominately in the 30--50% sucrose layers, consistent with VLP formation ([Fig. 4](#f0020){ref-type="fig"} A). Electron microscopy was used to further confirm the presence of fully formed VLPs ([Fig. 4](#f0020){ref-type="fig"}B).Fig. 4Purification of ZE3 VLPs. After sucrose gradient sedimentation, the 30--50% sucrose layers for (A) HBche-ZE3 or (B) HBc-ZE3 were pooled, dialyzed, and analyzed by reducing SDS-PAGE gel stained with Coomassie stain (left lane) and western blot (right lane) probed with a polyclonal rabbit anti-Zika envelope antibody. Electron microscopy of dialyzed peak sucrose fractions from gradient after negative staining with 0.5% uranyl acetate; bar = 100 nm.

3.4. Mouse immunization with ZE3 RIC and VLP {#s0075}
--------------------------------------------

BALB/c mice (6 per group) were immunized subcutaneously with ZE3 (4 µg) delivered as N-RICs, C-RICs, HBche VLPs, or HBc VLPs, either alone or in various combinations of RICs and VLPs mixed 1:1. After the second dose, all RIC or VLP groups reached very high titers, with the best groups achieving endpoint titers in excess of 1:1,000,000 ([Fig. 5](#f0025){ref-type="fig"} A). The combination groups of RIC + VLP had a significant increase (5-fold to 10-fold) in anti-ZE3 IgG antibody titers when compared to the groups containing only VLP or RIC (p \< 0.0001). There were no significant differences between C-RICs or N-RICs (p = 0.64) and there were no significant differences between ZE3 presented on the HBche spike or when it was C-terminally fused to HBc (p = 0.59). There was a small but statistically insignificant decrease in titers in the groups lacking alum (p = 0.31). These trends continued after the third dose: co-delivery of either C-RICs or N-RICs with HBc-ZE3 or HBche-ZE3 VLPs produced increased antibody titers as high as 1:5,000,000, while titers produced by RIC or VLP alone were approximately 10-fold less (p \< 0.0001) ([Fig. 5](#f0025){ref-type="fig"}B). Results from the PRNT analysis showed that sera from all mouse groups immunized with ZE3-containing antigens exhibited neutralizing activities against ZIKV (p \< 0.02 comparing sera from all groups versus PBS sera) ([Fig. 6](#f0030){ref-type="fig"} A). Furthermore, all groups except the HBche group reached a neutralization titer of 10 ([Fig. 6](#f0030){ref-type="fig"}A). Additionally, sera from the RIC groups performed better than the VLP groups (p \< 0.0006) ([Fig. 6](#f0030){ref-type="fig"}A), while the VLP + RIC combined group had the best neutralization (p \< 0.0023, HBc-ZE3/CRIC-ZE3 sera compared to HBc-ZE3 sera) ([Fig. 6](#f0030){ref-type="fig"}B). The VLP group lacking alum performed significantly better than the group containing alum (p \< 0.009, HBche sera versus HBche -- Alum sera) ([Fig. 6](#f0030){ref-type="fig"}A). Taken together, these results show that robust ZE3-specific titers and ZIKV neutralization can be achieved with either N-RICs or C-RICs, and that VLPs and RICs delivered together are more potent than either alone.Fig. 5Mouse total ZE3-specific antibody titers. BALB/c mice (6 per group) were immunized subcutaneously with ZE3 N-RICs, ZE3 C-RICs, HBche-ZE3 VLPs, or HBc-ZE3 either alone or in various combinations of RICs and VLPs mixed 1:1. Two groups, HBche-ZE3 alone and the HBche-ZE3/C-RIC, were not given alum as an adjuvant in order to test the effect of an adjuvant on the antibody titers elicited by the experimental groups. Except for the PBS control group, each dose delivered 4 µg total ZE3. Blood samples, collected after the (A) second dose or (B) third dose, were analyzed for ZE3-specific antibodies by endpoint titer ELISA. The y-axis shows the geometric mean titers (GMT). The PBS control group had no signal above background at the lowest dilution tested (1:100) and is therefore not shown to improve readability. Non-parametric one-way ANOVA was used to evaluate significance between the groups indicated.Fig. 6ZIKV neutralization. Pooled mouse sera from terminal bleed samples were diluted at a ratio of 1:10 (A) or 1:50 (B) and incubated with ZIKV prior to infection of Vero cells in a PRNT assay to assess ZIKV-specific neutralizing antibodies in the sera. Mean neutralization % and SD from three independent experiments with technical triplicates for each sample are presented. \*\*\*\*, \*\*, and \* indicate p values \<0.0001, \<0.009, and \<0.02, respectively, from comparisons (one-way ANOVA) between sera of the PBS-injected group and other mouse groups (directly above the error bars) or between indicated mouse groups.

4. Discussion {#s0080}
=============

Reemergence of Zika infection remains a significant health threat worldwide, necessitating safe, affordable, and effective vaccine strategies that can especially protect pregnant women and fetuses. Subunit vaccines targeting ZE3 are promising candidates as ZE3 is highly conserved among ZIKV strains [@b0185] and ZE3-specific antibodies have been shown to be highly potent in neutralizing a diversity of ZIKV strains in the African, Asian and American lineages [@b0080]. However, the weak immunogenicity of ZE3 must be overcome. Antigen incorporation into an immune complex is a proven method to strongly enhance B-cell and T-cell responses in the absence of adjuvant [@b0130], [@b0135], [@b0140], [@b0145]. However, one drawback to the traditional RIC platform is that the antigenic fusion occurs between the N-terminus of the antigen and the C-terminus of the RIC antibody. This method of fusion is not feasible with all antigens, especially those that have an inaccessible N-terminus. By modifying the RIC platform to permit antigenic fusions between the C-terminus of an antigen to the N-terminus of the antibody, this drawback can be overcome. Here we demonstrate that this modified N-RIC platform has near identical immune properties to the traditional C-RIC, while also having increased expression and solubility using two different fusion proteins and maintaining a similar level of stability upon exposure to acidic conditions ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). We have observed this same effect with a variety of other antigens (data to be presented elsewhere), suggesting that, at least in this RIC platform, the N-RIC configuration may be inherently more stable. These findings extend the versatility of the RIC platform to accommodate a wider variety of antigens.

Plant-produced subunit vaccines can potentially overcome safety and cost concerns associated with other ZIKV vaccine candidates. Plant expression systems are highly scalable, do not contain animal pathogens, and also avoid many of the costs of traditional expression systems, such as expensive bioreactors, thereby allowing cheaper production of biological products [@b0190], [@b0195], [@b0200]. We have previously described a robust plant expression system based on the bean yellow dwarf virus that permits high levels of protein production in *N. benthamiana* [@b0175], [@b0205], [@b0210], [@b0215]. A recent study with plastid-engineered tobacco plants further demonstrated the viability of plant-based protein production in a field setting. The results showed that field-grown tobacco expressing a recombinant protein were capable of achieving an order of magnitude reduction in costs compared to traditional cell culture methods [@b0220] *.* In addition, as the glycosylation state of antibody therapeutics is crucial for their function [@b0225], [@b0230], plants are uniquely suited to produce RIC vaccines. Antibodies made in glycoengineered plants have demonstrated improved C1q, FcγRI, and FcγRIIIa binding, leading to improved antibody-dependent cellular cytotoxicity, complement-dependent cytotoxicity, and overall increased potency compared with commercial antibodies made in mammalian cells [@b0235], [@b0240] Here, we find that fully assembled and highly expressed ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}A) ZE3 RICs made in glycoengineered plants interact strongly with complement C1q ([Fig. 3](#f0015){ref-type="fig"}C), and elicit potent antibody responses that neutralize ZIKV ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}).

While antigen fusion with the relatively small ZE3 to the 6D8 N-terminus had no discernible effect on antibody binding ([Fig. 3](#f0015){ref-type="fig"}B), we have observed that larger antigens incorporated into N-RICs may inhibit antibody binding (data to be presented elsewhere). Reduced epitope binding could impair immune complex formation, however smaller immune complexes may in fact be desirable. Large immune complexes are poorly soluble, and very large particulates with size \> 200--500 nm cannot efficiently enter the lymphatic system [@b0245]. Indeed, hexamer-sized IgG were found to be the most potent activators of complement, while larger oligomers were less effective [@b0250], [@b0255]. Further studies that can more accurately control and assess the relationship between RIC size and immunogenicity are needed to address these questions.

The hepadnaviral hepatitis B core (HBc) antigen protein is a well-studied VLP model. These self-assembling particles are noninfectious; yet form a highly immunogenic platform for displaying foreign antigens. Upon self-assembly, the surface of the VLP contains an array of dimerized α-helical spikes that can be used as insertion sites for foreign antigens [@b0260]. However, based on the size of the inserted antigens, a direct fusion of antigen into the HBc spike might destabilize the VLP due to antigenic steric hinderance that would prevent appropriate VLP assembly. By inserting the antigen into only one of two tandemly-linked HBc gene copies, it is possible to lessen the problem of destabilization, leading to an increased capacity of HBc VLPs to display antigens [@b0180]. In addition, HBc VLPs can be efficiently produced in a number of expression systems, including plants [@b0120], [@b0180], [@b0265], [@b0270]. In this study, we found that ZE3 displayed on either heterodimeric HBc or C-terminally fused to HBc monomer produced fully formed and highly immunogenic VLPs with nearly indistinguishable immunogenic properties ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}). The C-terminal HBc fusion VLPs showed slightly different mean neutralization activity, but the differences were not statistically significant (p \> 0.9990) ([Fig. 6](#f0030){ref-type="fig"}A). While alum has been used successfully with a variety of VLP-based vaccines, alum may destabilize the conformational structure of some epitopes [@b0275]. Interestingly, addition of alum to ZE3 VLPs had negligible effects on antibody titers, however ZIKV neutralization was stronger without alum (p \< 0.009) ([Fig. 6](#f0030){ref-type="fig"}). This may suggest that alum interferes with the presentation of neutralizing epitopes on ZE3 VLPs.

Antigens may also perform differently depending on whether they are presented on RICs or VLPs. Important epitopes may be obscured or improperly folded depending on interactions between the antigen and the RICs or VLPs. Fusion of the Middle East respiratory syndrome coronavirus spike protein to IgG Fc interfered with protein folding, leading to reduced immunogenicity [@b0280]. Compared to our previous study with RIC displaying a segment of the human papillomavirus L2 antigen [@b0120], the ZE3 RICs described in this study were significantly more soluble (data not shown). These differences in aggregation properties may contribute to differences in immunogenicity. Similarly, VLP assembly is a heterogeneous process which may be affected by the electrostatic and steric properties of each antigen insertion [@b0260]. Despite these potential factors, we and others have nonetheless observed strong immunogenicity for plant-made RICs and VLPs targeting a wide variety of antigens [@b0120], [@b0130], [@b0270].

We have previously demonstrated a synergistic enhancement of antibody responses upon co-delivery of both RICs and VLPs displaying HPV L2. While delivery of either the L2 RICs or L2 VLPs resulted in high antibody titers, a co-delivery of both RICs and VLPs resulted in higher antibody titers than either the RICs or VLPs alone [@b0120]. In agreement with these results, we find a strong synergistic enhancement of anti-ZE3 antibody titers when RICs and VLPs are delivered together ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}, 5-fold to 10-fold, p \< 0.0001) that correlated with improved ZIKV neutralization ([Fig. 6](#f0030){ref-type="fig"}). Based on our observations, RIC and VLP combinations have been shown to enhance neutralizing antibody titers against ZE3 (described here), HPV L2 [@b0120], and influenza M2e (data to be presented elsewhere), indicating that the enhancement is not antigen-specific. RICs activate complement C1q and elicit Fc-mediated effector functions [@b0130], while HBc VLPs contain strong T-cell epitopes, potently activate macrophages, and may stimulate TLRs due to encapsidated nucleic acid [@b0280]. Therefore, providing both RICs and VLPs simultaneously may stimulate more arms of the immune system, producing a multiplicative rather than additive effect. Further work is needed to determine if this synergy requires simultaneous codelivery of both VLPs and RICs, or if a similar effect could be achieved by priming with either RICs or VLPs, followed by heterologous boost.

In conclusion, by altering the antigen fusion site, we have created RICs that can accommodate a wider range of antigens. Our results show that ZE3 incorporated into N-RICs, C-RICs, or VLPs can be efficiently assembled and expressed at high levels in plants. While both RICs and VLPs strongly enhance the immunogenicity of ZE3 on their own, the effect is even more potent when ZE3 is codelivered by both platforms, reaching very high antibody titers that neutralize ZIKV after only two doses without adjuvant. We anticipate that these platforms will be useful in creating cheap and effective vaccines for ZIKV, as well as having broad applicability to develop vaccines for other diseases.
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